The study of cell aggregation in vitro has a tremendous importance these days. In cancer biology, aggregates and spheroids serve as model systems and are considered as pseudo-tumors that are more realistic than 2D cell cultures. Recently, in the context of brain tumors (gliomas), we developed a new PEG-based hydrogel, with adhesive properties that can be controlled by the addition of poly(L-lysine) (PLL), and a stiffness close to the brain's. This substrate allows the motion of individual cells and the formation of cell aggregates, and we showed that on a non-adhesive substrate (PEG without PLL is inert for cells), the aggregates are bigger and less numerous than on an adhesive substrate (with PLL).
observed that after there formation, cell aggregates often go through a compaction 48 phase [10, 17, 18] that reduces their projected area. 49 Other theoretical approaches consider the formation of aggregates under the point of 50 view of phase separation: like two immiscible liquids, when mixed in a liquid medium 51 cells move and seek a lower energy state through adhesion with other cells. The 52 evolution of a system from a state where the concentration of particles is uniform to a 53 final state where patterns appear is a spontaneous phase transition driven by motion of 54 particules, the latter being either passive by diffusion (for example, in colloids), or experimental results by following the whole process, from the early stage where the cell 70 population is composed only of individual cells, to their aggregation, and later to the 71 compaction of the aggregates. We confirm the differential migration and aggregation of 72 cells on the substrates with different adhesivity and for two different cell lines. 73 We combine these experimental results with a theoretical study based on two models: 74 first, we show that a spaceless model of perikinetic aggregation can reproduce the 75 experimental evolution of the number of aggregates. Second, we developed a minimal 76 off-lattice agent-based model, whose rules are defined in order to reproduce the 77 important phenomena that drive the behavior of cell assemblies: cell and aggregate 78 motion, cell-cell adhesion, cell proliferation and aggregate compaction. We show that 79 this model reproduces very well the experimental temporal evolution of both the 80 number of aggregates and their area, on adhesive and non-adhesive soft gels, for the two 81 cell lines and that it gives access to quantitative values of three parameters. 82 2 Materials and methods 83 
Preparation of the Hydrogels and Glioma Cell Lines 84
In [9] , we showed that the PEG concentration of our artificial substrate optimal for the 85 survival and growth of the two glioma cell lines is around 3% PEG. This concentration 86 corresponds to an elastic modulus around 300 Pa, close to the value measured for brain 87 tissue [27] . We use this concentration in all the following experiments. All the 88 experimental methods can be found in [9] . Briefly: poly(L-lysine) hydrobromide 89 (PLL-HBr 30,000 Da, Sigma-Aldrich, Saint-Quentin Fallavier, France) was first 90 functionalized with an acrylate residue. Hydrogels were prepared from 3% (w/v) 91 PEG-DA 6 kDa precursor (Sigma-Aldrich), dissolved in DPBS with 0.01% (w/v) of 92 DMPA solubilized in VP. Precursor solutions were photopolymerized under UV 93 (UV-LED LC-L1; Hamamatsu, 2 W/cm 2 , λ = 365 nm) for 40 s in homemade cylindrical 94 dishes. Photopolymerized hydrogels were then incubated during 1 day in a high volume 95 of DMEM for the hydrogel structure to be hydrated and thermodynamically stable 96 before cell seeding. After this day of hydration and two rinsings with fresh medium, 97 cells were seeded upon hydrogels at 2 10 5 cells/well (or 10 6 for the high-density 98 experiments). To avoid cell medium acidification, the cell culture medium was replaced 99 by fresh medium every day.
The Spaceless Model

126
The number of aggregates during a perikinetic aggregation process can be predicted by 127 the model of Smoluchowski [12] :
where N k is the number of aggregates of size k and K ij is the interaction rate between 129 an aggregate of size i and one of size j. We tried two different scenarii for the 130 aggregation process. In the first scenario, all the aggregates move and interact with 131 other aggregates with the same constant rate K. In this case, the model is solvable 132 analytically and the evolution of the total number of aggregates at time t, N (t), is 133 described by the equation: dN dt (t) = −KN (t) 2 , and thus N (t) = N 0 /(1 + K N 0 t). This 134 model was used in [16] to fit the evolution of aggregate number on a non-adhesive 135 substrate.
136
In the second scenario, only individual cells move and can interact with other 137 individual cells or with aggregates (K 1j = K j1 = K 1i = K i1 = K 1 ∀i, j and K ij = 0 if 138 i > 1 and j > 1). The total number of aggregates, N (t) is given by the following 139 equations, that we solved numerically:
where N is the total number of aggregates. 143 
The Spatial Model
144
We define an agent-based model, that involves a collection of agents evolving in a 145 continuous 2D surface. Each agent is a cell, modeled by a disk. The disk radius is the 146 same for all cells in a given simulation and its value stays constant during the simulation. 147 The simulation space is lattice-free, i.e. the position of each cell is an ordered pair of 148 real numbers corresponding to the coordinates of the center of the sphere.
149
In experiments, the field of view is a rectangle of size 1280 per 1080 pixels (each 150 pixel is a square of side length 0.658 µm). In the simulations, we choose a square as 2D 151 surface by simplicity. Since the experimental field of view represents a small part of the 152 whole surface of the substrate, it is devoid of boundary effects; therefore, we choose 153 periodic boundary conditions in the simulations (walls or other closed boundaries would 154 induce strong artefacts). The unit of length in simulations is set so that the side of the 155 square has the same length as the length of the region observed in experiments 156 (842.24 µm).
157
At each iteration, all the cells are updated, one by one and in a random order in 158 order to avoid undesirable correlations. At each iteration, each cell participates in the 159 following processes: motion, both individual and collective, influenced by cell-cell 160 adhesion and aggregate compaction, and proliferation. One iteration corresponds to one 161 minute.
162
For the sake of clarity, in the following, we call "individual cells" cells that are not 163 part of an aggregate (individual cells have no neighbors). An aggregate is thus an 164 assembly of at least two cells. At each iteration, individual cells choose a direction uniformly at random and move by 168 a step a 0 in that direction. For a given simulation, this step length is constant during 169 time and is the same for all the cells. Once cells are part of an aggregate, they continue 170 to move, and their motion is the composition of two motions, the motion of each cell 171 inside the aggregate and the motion of the whole aggregate.
172
The diffusion coefficient of a spherical particle of size r in a viscous medium is 173 proportional to 1/r; thus, for a 2D aggregate comprising N cells, it is proportional to 174 1/ √ N . We keep the same dependency here: the motion of the whole aggregate is 175 assumed to be random and the step of this motion is chosen so as to decrease as 1/ √ N . 176 Regarding the motion of each cells inside the aggregate, the length of the step is 177 chosen as a decreasing function of the number of neighbors n: a = a 0 /(1 + n 2 ). The 178 choice of this function is purely phenomenological. Another choice could have been that 179 of [28] where the probability of migration decreases with the number of neighbors, being 180 proportional to (1 − q) n , where 0 < q < 1 is the adhesion parameter and n is the 181 number of neighbors. It turns out that the precise choice is irrelevent, since the results 182 do not depend on the exact dependence of the step length on the number of neighbors 183 (for reasonable choices of the corresponding expression).
184
In the non-adhesive case, individual cells are sometimes subject to a hydrodynamic 185 flux (due to gel local heterogeneity) that can bias the cell motion: when the flux is "on" 186 in the simulation, the direction of the motion in the simulation is limited to a half plane 187 (defined by the direction of the flux), both for individual cells and aggregates.
Superimposition
189
In order to model the fact that cells are deformable, do contract and can be organized in 190 three dimensions in aggregates, cells are allowed to partially superimpose in the model. 191 The maximum superimposition is quantified by a parameter α max that is defined as the 192 ratio of the overlapping length (i.e. the difference between the diameter of a cell and the 193 minimum possible distance between two cell centers) to the diameter of a cell. If α max is 194 close to 1, two cells can superimpose almost completely, whereas if α max is close to 0, 195 the cells stay well separated. The value of this parameter is constant during a given 196 simulation but can vary from one simulation to an other, in order to model different cell 197 lines. This parameter is similar to the stacking index used in [13] to indicate the 198 formation of aggregates with some vertical stacking, forming multilayered clumps. 199 
Adhesion
200
If during its motion, the position of a moving cell would break the superimposition rule, 201 the motion is prematurely stopped and the two cells adhere to each other. There is no 202 break-up mechanism and so cells cannot detach from their neighbors (except if its step 203 leads it to a position where it has at least the same number of neighbors). Therefore, if 204 the cell chooses a direction of motion that would lead to a smaller number of neighbors 205 after performing the step, this step is canceled and the cell does not move. aggregate towards the center of mass of the aggregate. Since this reorganization is much 211 more visible for larger aggregates, we decided to modify accordingly the cell motion.
212
When the aggregate is very small, its cells may move towards any direction. However, 213 when the aggregate becomes more massive, the cell motion is biased towards the center 214 of mass of the ensemble. At the limit of a very massive aggregate, the motion is possible 215 only in a ± 90 • sector around the line joining the cell with the center of mass. This bias 216 in the direction is similar to the one in [29] where the direction choice is biased towards 217 the direction with the higher number of cells within a distance corresponding to several 218 cell diameters. The precise implementation of the motion bias does not concern us here: 219 the overall effect does not depend crucially on the details. 220 
Proliferation
221
We model the cell division by the following process: after the cell has moved it has a 222 certain probability to try to proliferate. That probability per iteration is later on 223 referred as "proliferation rate". If the cell division process is engaged, a random position 224 around the dividing cell is chosen. If that position is compatible with the 225 superimposition rule (meaning that the distance between the daughter cell and all the 226 other cells should be larger than the minimum distance allowed by the superimposition 227 coefficient), the daughter cell is created. If not, the division process is aborted. On Fig 1 top and on the different movies of aggregation, we observed several phases in 238 the aggregation process (S1 Video for F98 and S2 Video for U87). The first phase is the random motion of individual cells. Cells remain round, do not 240 polarize, and do not adhere strongly to the substrate. However, they move, extend 241 small filopodia, and perform a random motion (see S1 Video and S2 Video). After 242 analyzing the motion of 25 cells (F98) during one hour, we plotted the mean square 243 distance covered versus time and we deduced that the cells have a diffusion coefficient of 244 1.3 ± 0.27µm 2 min −1 on the adhesive substrate (data not shown), close to the value 245 found in [30] . 246 The second phase is the formation of aggregates: during this random motion, 247 individual cells encounter other cells or already formed aggregates and new aggregates 248 begin to form. When this happens, the individual cell sticks to the other cell or to the 249 aggregate; becoming unstuck is so rare that we neglected this phenomenon.
250
The third phase corresponds to the dynamics of formed aggregates: they move as a 251 whole, with small aggregates exhibiting a global motion larger than the bigger ones.
252
Moreover, the inside of the aggregates is also dynamic: the cells inside move and 253 reorganize constantly (see S1 Video and S2 Video). During the aggregation phase, which 254 lasts around 2 hours, a few events of proliferation are visible among individual cells.
255
This proliferation continues within aggregates, increasing their size continuously [9] . 256 The last phase corresponds to the compaction of the already formed aggregates: a 257 few hours after the formation of aggregates, they compact and reorganize into a 258 three-dimensional shape. The projection of this shape in 2D is close to a disk. 259 Experimentally, compaction occurs only for the F98 cell line. For the U87 cell line, this 260 cell contraction does not occur and cell aggregates stay in a 2D configuration, see Fig 1. 261 We measured, in the experimental field of view, the mean area of the aggregates and 262 their number as a function of time, for adhesive and non-adhesive substrates, for the 263 F98 and the U87 cell lines. We define the normalized number of aggregates as the raw 264 number of aggregates divided by the number of individual cells at initial time. In [12] . In the case of a non-adhesive substrate, we found that 274 the best fit was obtained with a constant aggregation kernel K. From the fitting obviously a better fit of the experimental data than the dotted blue curve).
277
In the case of an adhesive substrate, we found that the best fit is obtained with the 278 solution of the equations corresponding to the scenario where only individual cells can 279 move and interact with the other aggregates. In this case, we found K = 6.4 10 −14 Rules of the spatial model (a) Left: cell motion (black arrow) has two components, the first one (cyan arrow) is common to all cells forming an aggregate and is decreasing as the aggregate is growing, the second one (red arrow) is the individual motion of each cell, whose length becomes smaller as the number of neighbors increases. Center: the rule for the aggregate compaction stipulates that the bigger the aggregate the more biased towards the center of mass of the aggregate (the black circle) the individual cells' motion is. Right: proliferation; in the upper sketch, the foreseen daughter cell (the green cell with a dashed border) is really created, whereas in the lower sketch, it is too close to other cells so the daughter cell is not created. (b) Top: Images of two-cell aggregates, for the F98 cell line (left) and U87 cell line (right), and the values of the corresponding superimposition coefficient α. Bottom: schematic representations of the two values α max that were chosen for the F98 cells (α max = 0.7) and for the U87 cells (α max = 0.2). The scale bars represent 10 µm. The rules of our model (sketched in Fig 3 (a) have been defined in order to mimic what 289 happens in the experiments: therefore, in the model, cells can move, adhere to other 290 cells, form aggregates that can contract subsequently, and proliferate.
Comparison between Experimental Data and the Spatial
291
In S1 Video, it is clear that cells move inside an aggregate, and since aggregates also 292 have a motion on their own, the motion of each cell should be a composition of the two 293 motions, see Fig 3 (a) , left.
294
It is well known that aggregation limited by diffusion leads to clusters with fractal 295 shape [14, 15, 31] . In our case the number of cells is not large enough to lead to fractals, 296 but without any rule of contraction, especially in simulations with a high initial cell densities, after about 12 hours after the beginning of the aggregation process, the 300 aggregates compact and become more circular (in 2D) (see Fig 4 (a) , middle). The qualitative difference between the behavior of the two cell lines: the aggregates of F98 319 cells contract and clearly organize in three dimensions, whereas the U87 cell aggregates 320 keep an almost two-dimensional organization. So the superimposition parameter α max 321 should be larger for the F98 than for the U87 cells, see Fig 1 and 3 . We can clearly 322 detect when the parameter is too small, because then, the mean aggregate area in the 323 simulations is too large, even for very small aggregates at the beginning of the 324 experiment and even if the evolution of the number of aggregates is correct, see the red 325 stars with α max = 0.2 in S1 Fig (c) . It is more difficult to detect when the parameter is 326 too large: the difference between the cyan stars with α max = 0.95 and the green stars 327 with α max = 0.7 in S1 Fig (c) is not obvious. Suppose that α max = 1, all the cells in an 328 aggregate could in theory superimpose and the area of any aggregate could be reduced 329 to the area of a single cell. But since the motion step length of cells diminishes with the 330 number of neighbors in aggregates, this process takes a lot of time, and it is not possible 331 to see the complete superimposition of all the cells in an aggregate, during the time of 332 experiments. We thus decided to infer the value of α max from images of superimposition 333 of two cells, see Fig 3 (b) . From these images, it is clear that F98 cells allow a minimal 334 distance between the cell centers smaller than the U87 cells, and we chose the value of 335 α max = 0.7 for the F98 cell line and α max = 0.2 for the U87 cell line. Two parameters still need to be set: the step length of individual cells and the 337 proliferation rate. We determined the step length of individual cells so that the decrease 338 of the number of aggregates corresponds to experimental data: if cells move too slowly, 339 this number decreases also too slowly compared to experimental data (see Fig 6, cyan 340 stars). If the step length is too large, the number of aggregates decreases too fast 341 compared to experimental data (see Fig 6, red stars) . The green stars correspond to the 342 best value of the step.
343
The proliferation rate was chosen so that the mean area in simulations would fit the 344 corresponding experiment at large times (the increase in the aggregate area after 345 formation is only due to proliferation), see S1 Fig (b) . The value κ = 10 −4 min −1 (cyan 346 stars) is too small, the value κ = 1.4 10 −3 min −1 is too large and the value κ = 347 7 10 −4 min −1 (green stars) is correct . We added the bias of the flux if visible in the 348 experiments. Without any flux, aggregates still move but their motion is very small and 349 the distance between them is too large to allow any collision. When the flux on 350 individual as well as on aggregates is on, that corresponds to the green stars in S1 Fig 351  (a) , collisions are possible between large aggregates and the number of aggregates 352 decreases even at large times. 353 We managed to reproduce the dynamics of both the mean area and the number of 
Discussion
357
We present here a combination of experimental and simulation results on the behavior 358 of a cell population on soft hydrogels. On these soft gels, cells stay round, move and 359 stick to each other to create aggregates. The shape and the size of these aggregates 360 depend on the nature of the gels (adhesive or not adhesive), but also on the cell line: U87 aggregates are less cohesive than F98 aggregates, and for both cell lines, aggregates 362 are smaller and more numerous on adhesive substrate (with PLL).
363
First, we compared the experimental data with the solutions of perikinetic equations. 364 We found that the experimental non-adhesive and adhesive cases correspond to two 365 different scenarii: in the non-adhesive dynamics of aggregation, a constant kernel leads 366 to a better agreement with the experimental data, whereas the adhesive case is well 367 fitted by a kernel that is non-zero only for particles of size 1. We found the kernel value 368 K = 2.6 10 −13 m 2 s −1 in the non-adhesive case, and a four-time smaller value of K 1 in 369 the adhesive case K 1 = 6.4 10 −14 m 2 s −1 . These values are consistent with other 370 studies [30] , where only the case of a constant kernel is compared to experimetnal data. 371 The agreement with the theoretical spaceless model is fair, but the model describes only 372 the evolution of the number of aggregates as a function of time, whereas in our 373 experiments, the area was also recorded. 374 We thus developed an agent-based model with simple rules that could reproduce as 375 well the first stages of the experiments, when cells still move as individual cells, as the 376 late stage where cells are in aggregates, and that could reproduce the experimental 377 evolution of both the number and the mean area of the aggregates. To model all these 378 stages, without describing precisely the shape of the cells, we estimated that a cellular 379 Potts model was less adapted to our problem, compared to a classical agent-based 380 cellular automaton. We introduced four rules: the motion rule (for individual cells, for 381 cells inside an aggregate and for aggregates, in the presence or not of a flux), the 382 superimposition rule, the proliferation rule and the compaction rule.
383
The superimposition and the compaction rules may need further justifications: Since 384 the precise 3D organization in aggregates concerns only the F98 cell line, and to follow 385 the approach of [13] where a stacking index is defined, we decided to keep our model in 386 2D and introduce an effective parameter of superimposition, that describes the strength 387 of cell-cell adhesion and their ability to organize in 3D. This approach has the 388 advantage of simplicity, since only one parameter can resume the difference between the 389 behavior of the two cell lines.
390
The compaction that arises after the formation of cellular aggregates in general and 391 is a collective effect of a cell population. In experiments, contraction of aggregates is 392 due to individual cell contraction but also to the formation of supracellular stress cables, 393 at the scale of the whole aggregate ( [32] ). This made us define a compaction rule that 394 is non-local: the cells' motion is biased towards the center of their aggregate and this 395 bias increases with the size of the aggregate. Actually, the limitation of the motion is 396 not severe: the maximum bias (in very big aggregates) restricts only the cell motion to 397 a half plane towards the center of the aggregate.
398
With this agent-based model, in 2D and with simple rules, we were able to 399 reproduce the behavior of two cell lines, namely the evolution of the number of 400 aggregates and of their projected area, on two different substrates, one adhesive (with 401 PLL) and one not (without PLL). More importantly, by fitting the number of 402 aggregates and the mean area of aggregates as a function of time, we were able to infer 403 quantitatively several properties of the two cells lines, on the two substrates: their speed 404 of motion, their proliferation rate, their superimposition coefficient and the capacity of 405 aggregates to compact. 406 First, our model allowed us to conclude that the effect of the presence of PLL in the 407 gel (more adhesive substrate), for both cell lines, could be modeled as a simple slowing 408 effect on cells. On non-adhesive hydrogels, there is often flux (probably due to 409 inhomogeneities of the gels) which give to the cells and aggregates a motion bias 410 (direction in only a half plane), that was taken into account in the model. We found 411 that in the cellular automaton, in order to model the adhesive substrate, we had to 412 decrease the step and remove the flux (i.e. remove the restriction of the motion to a half 413 August 22, 2019 11/15 plane), for F98 cells, the mean speed motion of F98 is 4.7 ± 0.7 pixel length min −1 =3.1 414 ± 0.4 µm min −1 on non-adhesive substrates, whereas it is equal to 1.5 ± 0.3 pixel 415 length min −1 =1.0 ± 0.2 µm min −1 on adhesive ones. For U87 cells the mean speed of 416 motion are respectively 6 pixel lengths min −1 =3.9 µm min −1 and 2 pixel length 417 min −1 =1.3 µm min −1 .
418
The surface density of PLL molecules estimated from the volume concentration of 419 0.001% (w/v) PLL in the hydrogel precursor solution for a hydrogel thickness of 2 mm, 420 is about 5 10 11 molecules mm −2 . About 5 10 5 PLL molecules are found every µm 2 . The 421 F98 and U87 MG cells have a radius between 8 and 20 µm so they move on a 422 quasi-homogeneous surface of PLL molecules. The cells make smaller steps on PLL 423 hydrogels because they are constrained in their motion by the electrostatic interactions 424 they form with the PLL. 425 We also had to change the proliferation rate between the two cell lines. We found 426 that the proliferation rate (in aggregates) is 7.10 −4 min −1 for the F98 and 3.10 −4 min −1 427 for the U87 cell line. Our results also reveal that the adhesive properties of the 428 substrate does not impact the proliferation rate in aggregates: it is the same in the two 429 conditions (adhesive and non-adhesive substrate), for each cell line.
430
The U87 cells are characterized by a weak adhesion between cells, leading to loose 431 aggregates, whereas the F98 cells are much more cohesive. Moreover, there is no late 432 compaction of the aggregates and the aggregates stay in 2D instead of organizing in 3D 433 as in the F98 case. The results for both lines could be reproduced: in order to describe 434 the U87 cell line we had to use a superimposition parameter smaller (α max = 0.2) than 435 the one used for the F98 line (α max = 0.7) and to remove the compaction rule.
436
For two cell lines, we show here that by using our spatial model to fit the temporal 437 evolution of the number of aggregates and their mean area, it is possible to infer the 438 quantitative values of speed motion, proliferation and the qualitative abilities of cells to 439 adhere to each other and to contract. It should be possible to study any cell line, 440 providing that the gel stiffness is optimized for this cell line (indeed, carcinomas develop 441 on a much stiffer substrate than gliomas, this was confirmed by a preliminary study of 442 ours on the breast cancer cell line MCF7 which could not form aggregates on soft gels, 443 dying rapidly). It has been shown for example that the cohesivity of aggregates (due to 444 cell-cell adhesion) could be a clinically important parameter, since it seems to be 445 inversely proportional to the in vitro invasive potential [33] . One promising direction of 446 research is that of the study of cell lines from cancers which are known to develop 447 metastases, such as breast cancer. In that case, our experimental technique should be 448 adapted. Another interesting direction of future studies would be to modulate the 449 adhesion. This could not be done in the present studies using PLL since a higher 450 concentration of this molecule becomes toxic for the cells. Using an other adhesion 451 molecule, such as RGD instead of PLL, we expect to be able to vary adhesion and study 452 the aggregation phenomena for a wide range of values of the latter. We expect to return 453 to address these problems, both experimentally and through modeling, in some future 454 work of ours. 
